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(57) ABSTRACT 

A screen apparatus includes a holographic optical element 
and a diffuser. The holographic optical element may be 
constructed using standard techniques known in the field of 
holography. The holographic optical element may be used to 
replace a typical Fresnel lens used in projection screen 
apparatuses. In operation, the holographic optical element 
receives image light from an image engine or projector and 
redirects the image light to the diffuser for scattering. The 
holographic optical element can be designed to substantially 
collimate. converge, or diverge the image light. The com- 
bination of the holographic optical element and the diffuser 
provides improved illumination uniformity that can be per- 
ceived by a viewer as the viewer moves in directions 
transverse to the screen apparatus. The screen apparatus may 
be designed to provide improved illumination uniformity to 
optimized or optimal locations in a viewing region. -The 
screen apparatus may be advantageously employed in dis- 
play apparatuses. 
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PROJECTION SCREEN APPARATUS INCLUDING 
HOLOGRAPHIC OPTICAL ELEMENT 

. BACKGROUND OF THE INVENTION 
[0001] ; 1. Field of the Invention 

' [0002] The present invention relates to : projection systems 
and projection screens and, more particularly, to a projection 

: screen apparatus that provides improved image illumination 
uniformity. 

[0003] 2. Description of Related Art ' : ' ' ' . - ( 

[0004] Light projection is used to display images on- large 
surfaces, such as large computer displays or television 
screens. In front projection systems, an image beam is 
projected from an image source onto the front side "of a 
reflection-type, angle transforming screen, which then 
reflects the light toward a viewer positioned in front of the 
screen. In' a rear projection system, the ima^e' beam is 
projected onto the rear side of a transmission-type, angle 
transforming screen and transmitted toward a viewer located 
in front of the screen. 

, [0005] Referring to FIG.T, wide angle projection systems 
that include a screen apparatus 10 arc known to optimally 

: use a conventional Fresnel lens 11 in combination with some 
diffusing element, such as a substrate covered with glass 
beads (e.g.,-a type of diffuser. or diffusive screen) 12. The 
combination forms an imaging : screen that produces, an 
image. The Fresnel lens 11 and the diffuser 12 are held in 
relatively rigid or semi-rigid spaced apart relation to assure 
proper operation of the combination. Such screens, known 
generally in the art as "black matrix bead"' or "BMB" 
screens, are commercially available from Minnesota Mining 
& Manufacturing Company and others. Fresnel lenses are 
sold by Fresnel Optics and are manufactured by Minnesota 
Mining & Manufacturing Company, for example, as used in 
devices such as overhead projectors. The Fresnel lens 11 
element is constructed to provide the optical properties of a 
much thicker lens, however, with smaller size and weight. 
Concentric steps or discontinuities I1A allow these optical 
and physical properties to be realized. Each of the steps has 
a curved profile, in cross-section, that exhibits optical power 
to redirect incident light 13. The cut-out sections that define 
the steps reduce the overall size and weight. * 1 L 

[0006] In FIG. 1, the Fresnel lens 11 receives, the incom- 
ing light- 13 from a projection image .engine or ; image 
projector 14 (e.g., a liquid crystal display imager", a light 
: source, and a projection lens that produce- image light in 
. response to input video or other signals). The break . in the 
. light path of the light 13 shown in FIG. 1 is included to 
recognize that the light 13 may be processed or -filtered!, for 
example, projected by the projection or other lens (not 
shown), and is generally indicated by numeral 13A.. .The 
screen apparatus 10 and the image engine 14 are arranged 
such that a light beam exiting the Fresnel . lens 11 is colli- 
mated, as .shown by parallel rays of light 15. The collimated 
rays 15 pass across, an air gap 16 to a matrix of glass beads 
17-21 in the diffuser 12. The glass beads 17-21 are mounted 
upon an adhesive black mask layer 22 that is on a front 
surface 23 of a substrate 24 of the diffuser 12. As the 
collimated light rays 15 strike any of the glass beads 17-21, 
the rays are focused as light 25 in FIG. 1: The substrate 24 
is light transparent so that a viewer 27 can see an image from 
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the light 25 that passes through a surface 26 (e.g., an acrylic, 
polystyrene, other polymer or like surface) of the screen 
apparatus 10. The screen apparatus 10 can be an "intelli- 
gent" television screen, having a large diagonal dimension, 
for example, substantially 60 inches, or a computer monitor 

■ screen. 

[0007] For wide angle projection, there are currently no 
. -satisfactory methods of collimating light at a display screen. 
The conventional Fresnel lens 11 may create objectionable 
shadows and ghosts (i.e., ghost images from light scattered 
in undesired directions) that degrade the display image. The 
discontinuities in the Fresnel lens 11 lead to shadows and 
: '■*" gHostS being 1 introduced on illumination of the screen appa- 

~' ratus 10. The formation of a ghost image from discontinuous 
surfaces of a Fresnel lens is schematically illustrated in FIG. 

.2, and its appearance on the viewing side of a Fresnel 

: lens/diffuser combination screen is schematically illustrated 
in FIG. 3. For discussion on the disadvantages of such 
stepped lenses, see Antenna Theory by Constantine A. 
Balanis, Harper and Row, New York, 1982, p. 650 ' and 

' Antenna Engineering Handbook, H. Jasik (ed.) (Chapter 14 
by S. B. Cohn), McGraw-Hill, New York, 1961, pp. 14-1 to 
14-43. Moreover, the Fresnel lens 11 is also disadvantageous 

■ because it may be relatively expensive, easily- damaged, 
have visible rings, and cannot be laminated (e.g., index 
matched) on both sides. Removing the Fresnel lens 11 and 

: relying only on the diffusive ' screen 12 itself to achieve 
uniformity may result in' a' "hot -spot" in the center of the 
screen and wasted light diffused out of the field of view of 
the viewer 27. The air gap 16 between the Fresnel lens 11 
and the glass beads 17-21 also prevents the screen apparatus 
10 from being as compact or as mechanically stable as might 
otherwise be 'possible. 

[0008] The present invention is directed to overcoming or 
substantially limiting some or all of the above shortcomings 
■ ' of the Fresnel lens/diffuser combination screens, and the 
occurrence of the hot spot when no Fresnel lens is used. 

SUMMARY OF THE INVENTION 

[0009] In one aspect, the invention features a screen 
apparatus. The screen apparatus ^includes a holographic 
optical element adapted to receive image light and to redi- 
rect the image light. The screen apparatus also includes a 
diffuser! adapted to receive the redirected image light from 
the holographic optical element and to scatter the redirected 
image light. ....... 

. , BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] Other objects and advantages of the invention will 
become apparent upon- reading the following detailed 
description and upon reference to the drawings in which: 

[0011] FIG. 1 is a, side, cross-sectional view of a prior art 
BMB projection screen that uses a Fresnel lens in combi- 
. .nation with a spaced- apart bead-covered diffuser. . 

.. [0012] FIG. 2, is a schematic illustration of the formation 
of ghost, image light from a Fresnel. lens. 

[0013] FIG. 3 is a schematic illustration of ghost image 
light appearing on the viewing side of a Fresnel lens/diffuser 
combination screen:- . . • A 

[0014] FIQ. 4 is a side, cross-sectional view of a holo- 
graphic optical element collimating light in. accordance with 
an embodiment of the invention. 
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[0015] FIG. 5 is a side, cross-sectional view of a screen 
apparatus in accordance with the embodiment in FIG. 4. 

[0016] FIG. 6 is a plan view of a prior art system for 
forming a holographic optical element. 

[0017] FIG. 7 is a side, cross-sectional view of a screen 
apparatus in accordance with another embodiment of the 
invention. 

[0018] • FIG. 8 is a plan view of the screen apparatus in 
FIG. 7 schematically showing image light featuresin a 
viewing region. . . ■ • 

[0019] FIG. 9 is a , plan view of a screen apparatus 
schematically showing image light features jin a .^viewing 
region in accordance with another embodiment of the inven- 
tion. ... 

[0020] FIG. 10 is a side, cross-sectional view bf a holo- 
graphic optical element converging light in accordance with 
the embodiment in FIG. 9. 

[0021] FIG. 11 is a side, cross-sectional view of. a; screen 
apparatus in accordance with the embodiment in FIGS. 9 
and 10. 

[0022] FIG. 12 is a side, cross-sectional view of a display 
apparatus in accordance with* another embodiment of the 
invention. 

[0023]. FIG. 13 is a side, .cross-sectional view of: another 
display apparatus in accordance with another embodiment of 
the invention. . , v ... 

[0024] While the invention is susceptible to various modi- 
fications and alternative forms, specific embodiments 
thereof have been shown by way of example in the drawings 
and are herein described in detail. It should be understood, 
however, that the description herein of specific embodiments 
is not intended to limit the invention to the particular: forms 
disclosed, but on the contrary, the intention is to cover all 
modifications,. equivalents, and alternatives falling within 
the spirit and scope of the invention as defined by the 
appended claims. 

DESCRIPTION OF ILLUSTRATIVE ; 
EMBODIMENTS 

[0025] Illustrative embodiments of the invention' are 
described below. In the interest of clarity, not all features of 
an actual implementation are described in this.specification. 
It will of course be appreciated that in the development of 
any such actual embodiment, numerous implementation- 
specific decisions must be made to. achieve J he developers' 
specific goals, such as compliance with system-related, and 
business-related * constraints, which will . vary , from,, one 
implementation to another. Moreover, it will be appreciated 
that such a development effort, even if complex and time- 
consuming, would be a routine undertaking for those of 
ordinary skill in the art having the benefit of this disclosure. 

[0026] The present invention relates to an improved screen 
apparatus, for example, a projection screen, 1 that may be 
employed in a frontj or rear projection system, such as a 
television, or in a. computer monitor.* Referring to FIGS. 4 
and 5, a holographic optical element (HOE) 30 is included 
in a screen apparatus 40 (FIG. 5) in accordance with a first 
embodiment of the invention. The HOE 30'niay beused to 
replace the' Fresnel lens 11 discussed 'above^ performs a 



similar function as the Fresnel lens 11, but has distinct 
advantages that will be described below. The HOE 30 is 
recorded and processed (e.g., developed and possibly baked) 
to substantially collimate incoming image light 32 received 
from the image engine 14. Baking" may be required for 
certain HOE (e.g., photopolymer) materials used to make 
the HOE 30, such as some materials that can be obtained 
from DuPont. Other types of HOE materials used to make 
the HOE 30, such as those for making surface relief, surface 
kineform, or embossed HOEs, may employ other methods 
that do not include baking. The image engine 14 may be 
similar to image engines described in prior, co-owned U.S. 
patent application Ser. No. 08/730,818, filed Oct. 17, 1996, 
. ..^by. Richard M.. Knox, entitled "Image Projection System 
. .Engine Assembly," which is incorporated by reference 
herein in its entirety. The image light 32 is similar to the 
image light 13 in FIG. 1, with a break labeled 32A in the 
..light path being. analogous to the break 13A in FIG. 1. For 
example, the light 32 may be processed or projected by a 
projection ; or other lens (not shown) to the : HOE 30, as 
..generally indicated by the numeral 32A. The incoming 
,,. image light 32 may be diverging as it strikes the HOE 30. 
The light 32 passes through an input surface 31 and then an 
output surface 34 of the HOE 30 as substantially collinfated 
! light 35. The surfaces 31, 34 form' a pair of opposed surfaces. 

[0027] The HOE 30, may be formed using standard refer- 
ence and object beam interference techniques known in the 
field of holography. One possible optical setup among many 
other possible setups that may be used to. form the HOE 30 
is depicted in FIG. 6, as will be appreciated by those skilled 
in the art. Light from a coherent light source (not shown), for 
example, an argon laser, is split by a variable beamsplitter 52 
• into two beams. One branch 52A of the split light passes 
through a first spatial filter 56 and another branch 52B is 
redirected , by a reflector or mirror 54 through a second 
spatial filter 58. The light in the branch 52A passing through 
the spatial filter 56 is known in the art as the "reference" 
beam and the light in the branch 52B passing through the 
spatial filter 58 is known as the "object** beam. Such terms 
as reference and object would be considered somewhat 
arbitrary, in other implementations that may be used to 
record holograms, as will be appreciated by those skilled in 
the art. The* spatial filters 56, 58 produce substantially 
uniform light intensity in a transverse direction across their 
output. The ' reference and object beams 52 A, 52B both 
diverge after passing through the spatial filters 56, 58. The 
" light from the spatial filter 56 is reflected' from a substan- 
tially 100% reflective mirror 57A to a substantially 50% 
rcfleclive750% transmissive (e.g., silvered) mirror 57B. A 
jWtioh'61'A of the light 52A reflects from the mirror 57B 
a'hd then impinges on a photosensitive material 62 (e.g., a 
■ photographic plate or photopolymer materials, such as those 
available from DuPont or Polaroid) that is used to record the 
HOE 30. The light passing ttiYough the spatial filter 58 is first 
directed to pass through a fast (e.g., V/l) col lima ling lens or 
collimator 60 spaced at approximately its focal length (f) 
from the spatial filter 58. This' results in approximately 
collimated light being produced, a portion 61B of which 
then passes through the mirror 57B and is incident on the 
photosensitive material 62. The reference and object beams 
52A, 52B (i.e., the portions 61A, 61B) will interfere with 
each other to form a hologram as an interference pattern or 
fringes in the photosensitive material 62, shown generally as 
numeral 33 in FIGS. 4-5. Such a pattern results because both 
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the reference beam 52Aand the object beam 52B are derived 
from a substantially coherent source. 

[0028] Once the HOE 30 is recorded and developed, it is 
possible to reproduce the reference beam 52A (i.e., the 
portion 61A) by simply placing the HOE 30 approximately 
in its original position and introducing only the same or a 
. similar object beam 52B (i.e.,. the portion 61B). It is also 
possible to reproduce the object beam 52B by introducing 
only the same or a similar reference beam 52A ; In the 
present invention, the emphasis will be mainly on the object 
beam 52B being reproduced by the same or, .a similar 
reference beam 52A, although applications involving repro- 
duction of the reference beam 52A by the object beam 52B 
in other embodiments will be appreciated by those skilled in 
the art. ' 

[0029] For a : transmission-type hologram, the introduction 
of the reference beam will reproduce the object beam, which 
is transmitted by the recorded hologram. The reproduced, 
substantially collimated object beam light is directed into, 
what ^termed in the art, the "first" order of diffraction of the 
. reference beam. A portion of the reference beam (approxi- 
mately A%) will pass through the hologram in other orders, 
most significantly in the "zero", order of diffraction of the 
reference beam. ; 

[0030] ; After recording and developing, the hologram may 
or may not be baked. Baking is preferable, in some embodi- 
ments (e.g., if DuPont photopolymer is used), however, as it 
allows the interference fringes 33 produced by the interfer- 
ing light to be stabilized (i.e., substantially fixed).' After 
baking, the hologram will perform substantially similarly to 
its performance, before baking. The hologram recorded in 
such a manner. may be used in the screen apparatus 40 in 
FIG. 5 as the HOE 30 to substantially collimate the image 
light 32 as the light 35. The image light 32 is introduced to 
the HOE 30 similarly to the reference beam light in FIG. 6, 
i.e., at approximately the same angle and divergence. 
[0031] Although the HOE 30 is initially recorded with 
substantially coherent laser light of narrow wavelength or 
color, white light, "quasi "-white light, or other colored light 
from the image engine 14 will be nearly collimated when 
introduced in place of the reference beam light used to 
record the HOE 30. This is true; even though the HOE 30 
may exhibit some chromatic dispersion., Quasi -white light, 
in the context of the present invention^ refers to light output 
from a light source that may be deficient in one or more 
colors, but, nevertheless, produces substantially white light. 
[0032] Referring again to FIG. 5, the screen apparatus 40 
includes a diffuser or diffusive' screen 42 much" like the 
diffuser 12 shown in FIG. 1. The collimated light 35 is 
focused by the glass bead 17 as light 45 and viewed as an 
image by the viewer 27 from the image light 45 that passes 
through the surface 26 after passing through the substrate 24, 
as described above. The diffuser 42, in the ' par ticular 
embodiment illustrated, is held in spaced apart relation to the 
HOE 30, spaced by a small air gap 44. The effects of the 
chromatic dispersion discussed above, that spreads light 
colors differently, may be minimized by making the air gap 
44 as narrow as possible (e.g., on the order of microns) or 
by eliminating it altogether, as will be appreciated by those 
skilled in the art. Moreover, the use of a no-beaded screen, 
such as a bulk diffusing screen, may help avoid or reduce 
some of these chromatic dispersion effects, as will be 
discussed below. ' 



[0033] The HOE 30 offers distinct advantages over the 
Fresnel lens II in FIG. 1 for collimaling the image light. 
There is no ghost image, light or shadowing, such as that 
produced by the Fresnel lens 11. An air gap, like the air gap 
, 44, is not necessarily required, or may be substantially 
reduced, depending on screen apparatus design, as will be 
described below. The HOE 30/dilTuser 42 combination may 
. be both flat and flexible. There may be no need to. hold the 
HOE 30 and the diffuser 42 in rigid or semi-rigid spaced 
anart relation to assure proper operation. Moreover, the HOE 
30 may be lighter, in weight and cheaper than the typical 
' ' Fresnel lens 11. 

:. .[0034] ; Referring to FIG. 7, a screen apparatus 100 is 
illustrated in accordance with a second embodiment of the 
: invention. The screen apparatus 100 includes the HOE 30 

" layered or coated on,' bonded or adjacent to, or otherwise 
suitably applied to, a diffusive screen or diffuser 102. 
Suitable bonding may be achieved with an index matching 
optical adhesive or material (not shown) applied between the 
surface 34 of the HOE 30 and a first surface 104 of the 
• diffuser 102, as will be appreciated by those skilled in the 
. art. .The diffuser 102 may be formed of a mixture of any two 
, (or more) appropriate immiscible materials having different 
indices of refraction. An example of such materials could be 

, two immiscible polymers that have indices of refraction 
n=1.5;and n f =1.52, respectively. Another possible material 
for the diffuser 102 includes.Ti0 2 or other like materials that, 
.when- dispersed as particles or. particulate clusters of appro- 
priate size in polymer materials (e.g., a polymer matrix), 
such as acrylic or other like materials, can act. as image light 

• scatterers. The lighter weight, of the immiscible materials 
will form a distribution of spaced apart globules (not shown) 

.. of appropriate size within the higher weight material. Each 
individual globule will tend to stay together due to surface 
tension effects. These globules,, when incorporated in the 
diffuser 102, will act as light scatterers for light incident. 
Comrnercially available diffusers that may be used for the 
diffuser 102 are available from Nashua in their 
"MICROSHARP" technology product line, and other dif- 

. fusers are available from Minnesota Mining &. Manufactur- 
ing Company among other manufacturers or suppliers. 
Many types of such diffusers are known in the 'art. 

[0035]. In FIG. 7, as before,, the imaging light 32 incident 
... on the surface 31 of the HOE 30 is collimated by the HOE 
.30 on transmission. The collimated light . exiting ■through the 
■ surface 34 of the HOE 30 and entering the diffuser 102 
-through the surface 104 is scattered as it passes through the 
diffuser 102 as light 108. The effects of chromatic dispersion 
•.. discussed above should be diminished because there is no air 
: . gap or : substantially no air gap between the HOE 30 and the 
: , diffuser 102 (although a small air gap may be tolerable under 
; certain circumstances in certain embodiments if chromatic 
? , dispersion is not too large). The imaging light 108 passes out 
. of the diffuser 102, and the viewer 27, suitably positioned, 
. can, see, an image from the image . light 108 that passes 
through a surface 106 of the diffuser 102. 

■ [0036] The screen apparatus 100, because of the operation 
of the HOE' 30' and the diffuser 102, will provide' relative 
uniformity of the intensity of the imaging light 108 if the 
viewer moves his or her head transversely while viewing an 
image ori the f surface - 106. This may be 'understood by 
considering FIG. 8, which/ schematically 'illustrates polar 
plots of 'forward (power)' gain profiles or' patterns 110A, 
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HOB, HOC for the light 10S (FIG. 7) exiling ihc diffuser 
102 in a region 105. Similar plots could be constructed for 
the embodiments shown in FIG. 5, which also provides 
substantially collimated light upon image light passage 
through the HOC 30. The forward gain profiles 110A, HOB, 
HOC have their maxima generally centered in a direction 
substantially normal to the surface 106 of the diflfuser 102 
due to the image light 108 being substantially collimated by 
the HOE 30. A maximum 111 A of the gain profile 110 A is 
directed toward the viewer 27, who is located substantially 
in a central (or other) position for viewing the screen 
apparatus 100, as generally indicated by .the arrow 114 A in 
FIG. 8. The gain profiles HOB, HOC correspond to portions 
of the light 108 that is scattered from areas of the diffuser 
102 near edges of the diffuser 102. These gain profiles do 
not, however, have their gain profile maxima 111B, 111C 
directed toward the viewer 27 in this position, as generally 
indicated, by the arrows 114D and 114E. Instead, the, light 
108, directed toward the viewer 27 from the gain profiles 
HOB, HOC, have below-maxima values 113B, T13C, as 
generally indicated by the arrows 114B,* 114C / 
[0037] The gain profiles 110A, HOB, and HOC in FIG. 8 
can give a sense of how image light intensity can vary as the 
viewer 27 moves transversely in front of the screen appa- 
ratus 100. As the viewer 27 moves in either of directions 
112A, 112B, at some point, there will be a noticeable 
increase in one of the gain profile' values HOB, HOC "of the 
image light directed toward the viewer 27, and a' noticeable 
decrease in the other. The value of the gain profile 110A will 
not, however, change that rapidly. Therefore, over a reason- 
able transverse distance range at a distance "D" in front of 
the screen apparatus 100, the intensity will be relatively 
uniform because of the operation of the HOE 30 and the 
diffuser 102. The distance D can be in a range that would be 
typical for viewing a particular device, such as a computer 
monitor, a large or small television screen; or projection 
screen, in a setting, such as a' room. D will, in general, 
depend on the size of the room, the size of the screen 
apparatus, and other factors that bear on the particular 
application. ' '' 

[0038] FIG. 9, which is similar to FIG.. 8, schematically 
illustrates polar plots, of gain profiles 11 6 A, 116B, 116C of 
scattered image light 158 from a screen apparatus 150 in a 
region 115. Maxima 117A, 117B, 117C in the gain profiles 
116A, 116B, 116C in FIG. 9 are not all forward directed, 
substantially normal to a. viewing surface of the screen 
apparatus 150. Instead, the maxima in the gain profiles are 
substantially directed toward a particular (e.g., a central) 
viewing region or position where the viewer 27 can view an 
image displayed on the screen apparatus 150.' For example, 
while the gain profile -116A is generally directed along an 
arrow 120A in the forward direction; the gain profiles 116B, 
116C are angularly directed along arrows i20B,120C, 
respectively. Gain profile values 119B, 119C for the forward 
directed image light of" the gain profiles 11 6B, 116C have 
values further below their respective maxima 11 7B, 11 7C 
compared to the maxima 111B, 1110 in FIG. 8. Such gain 
profiles as,116A, 116B, 116C may be preferable for image 
viewing and substantially maintaining image light intensity 
uniformity or illumination uniformity as the viewer 27 
moves in transverse directions, i.e., along the. directions of 
arrows 118 A, 11813, compared to the gain profiles in FIG. 8. 
The gain profiles. in FIG. % can give , ( a sense of maintaining 
image uniformity better than the, gain profiles illustrated in 



FIG. 8. For example, in FIG. 9, as the viewer 27 moves over 
a limited range in either of the directions 118A, 118B al a 
distance "D" from the screen apparatus 150, the variation 
between the values of the gain profiles 116B, 116C may be 
less than that between the values of the gain profiles HOB, 
HOC in FIG. 8. On the other hand, the corresponding 
"* variation in the values of the gain profile 116A may be 
similar to the variation of the values of the gain profile 110A 
in FIG. 8. The typical viewing distance D' will have 
analogous dependencies as those of the vicwing'distancc D 
discussed above. D' will be a function of the specific design 
• - involved. ' ' 

f!r : [003?] . Reference is now made to FIGS. 10 and 11 for an 
v implementation of the screen apparatus 150 in accordance 
with a third embodiment of the invention. As will be 
appreciated by those of skill in the art of holography, 
modifications of the optical setup shown in FIG. 6 can be 
made that make it' possible' to record a hologram that 
converges (or diverges in other embodiments) light instead 
of collimating light. This can be accomplished, for example, 
by moving the lens 60 relative to the spatial filter 58 and the 
1 photosensitive material 62. Once recorded with reference 
and object beams as interference fringes 133, and then 
' developed and possibly baked, as discussed above, the 
converging hologram (the remaining discussion will empha- 
. size converging light instead of diverging light) could be 
repositioned in its original position with respect to the same 
- .or a similar reference beam for reproducing the converging 
object beam. In FIG. TO, such a hologram is shown as an 
HOE 130, which is positioned to receive image light" 132 

■ from the image engine 14. The processing or filtering (e.g., 
projecting by a projection or other lens, not shown) of the 

■ -light'132 is generally indicated by a break in the light path 

and numeral 132 A, as similarly discussed above". The light 
132 is incident on the HOE 130 through a first surface 131 
' and exits the HOE 130 through a second surface 134 as 
converging image light 135. 

[0040] ' Referring to FIG. 11, the screen apparatus 150 is 
shown, which includes the HOE 130 and a diffusive screen 
or diffuser 152.- The screen apparatus 150 is similar to the 
screen apparatus 100. The HOE 130 and the diffuser 152 are 
layered, coated, bonded, adjacent, or suitably applied 
together, as similarly discussed above for the screen appa- 
ratus 100'in FIG. 7. ' 

*■ [0041] In operation, the incident image light 132 passes 
... through the first surface 131 and exits the second surface 134 
of the HOE 130. Upon entering the diffuser 152 (similar to 

* . the diffuser 102 described above) through a first surface 154, 
'* .the. light 132 is scattered as image light 158, which exits the 
diffuser 152 through a second surface 156. The viewer 27, 
suitably-positioned in front of the screen apparatus 150, can 

I* see an image produced by ttje image light 158 al the surface 
156. The position of the viewer 27 in FIG. 11 may be as 
shown in ( FIG. 9, with the light 158 exhibiting gain profile 
maxima directed to the viewer 27. The image light 158 in 
FIG. 11 is shown following paths in a substantially more 
downward (or centralized) direction compared to the image 
light 108 in FIG. 7. In FIG. 11, the direction taken by the 
light 158 would be expected because of the converging 
property of the HOE 130 compared to the collimating 
property of the HOE 30, and should lead to substantially 
more uniform image illumination as the viewer 27 moves 
transverse to the screen apparatus 150. 
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[0042] Ii is contemplated that the HOIZ 130 (or HOE 30) 
could be suitably designed, using the standard techniques of 
holography, to direct the image light 158 (or 108) to par- 
ticular optimized (or optimal) positions or other locations of 
the viewer 27 in the region 115 in FIG. 9 (or 105 in FIG. 
8), as will be appreciated by those skilled in the art. These 
locations may be the best for viewing high quality images. 
For example, the screen apparatus could be designed to be . 
suspended from a ceiling in a room and substantially direct 
its best and most uniform image downward in the room to 
. a viewing audience below, rather than straight out along a. • 
normal direction to the screen apparatus. . . 

[0043] The screen apparatuses 40, 100, and iSO'described ;' 
above may be advantageously employed in "folded" display ■ 
apparatuses 200 and 250 shown in FIGS; 12 and 13, 
respectively, in accordance with fourth and fifth embodi- 
ments of the invention. The display apparatuses 200 and 250 
may form part of a computer monitor or television display 
and are similar to projection systems described in prior, 
co-owned U.S. patent application Ser. No. 08/581,108, filed 
Dec. 29; 1995, by Richard M. Knox, entitled "Projecting 
Images" and in European Pat. app. No. 96309443.8, 
EP0783133A1, filed Dec. 23, 1996, by Richard M. Knox et 
al., entitled ''Projecting Images, 1 ' published Jul. 9, 1997, 
which are incorporated by reference herein in their entirety. 
The folded optical paths in the display apparatuses 200 and 
.250 enables the size of these image projection apparatuses to . 
be reduced compared to other types of display apparatuses. . 
For example, the ^footprint" dimensions "L" and/'L" may 
be made smaller by, folding, which reduces the apparent 
projection lengths in these apparatuses. . . 

[0044] Referring to FIG. 12, the display apparatus 200 
includes an image engine or projector 202, which may be 
similar to the image engine 14 described above. The image - 
engine 202 may also be similar to image engines described 
in the aforementioned U.S. patent application Ser. ! No. " 
08/730,818. The image engine outputs image light 204 in 
response to input signals, for example, electronic, video, or 
other signals received from an antenna, cable, computer, or 
controller. The image light 204 reflects off a lower mirror or . 
reflector 206 to a higher mirror or reflector 208. The light [ 
204 is then reflected by the upper mirror or reflector 208 and 
is directed to an HOE 210. The HOE 210 may be similar to 
the HOEs 30, 130, depending on the design' of the display • 
apparatus 200, The image light exiting the HOE 210 could, 
therefore, be collimated, converging, or diverging, accord- 
ing to the particular design, as it enters a diffusive screen or 
diffuser 212, layered or coated on, bonded or adjacent to, or 
otherwise applied to the HOE 210. The diffuser 212 may be 
similar to any one of the diffusers 42, 102, or 152, according 
to the design. The diffuser 212 scatters the image light as 
light 214, which the viewer 27 can see as forming an image 
at the diffuser 212 of the display apparatus 200,. 

[0045] Referring to FIG. 13, the display apparatus 250 is t 
shown, which includes an image engine or projector 252, a 
signal splitter 254, an input cable 256, a sound system 258, ! 
a screen apparatus 260, and a back mirror or reflector 262. 
The image engine 252 may be similar to image engines 
described above and in the aforementioned U.S. patent 
application Ser. No. 08/730;818. The screen apparatus 260 ' 
includes a polarizing reflector 264, a HOE 266, and a 
diffusive screen or diffuser 268, whichi depending on the 
specific design, may be layered, coated, bonded (e.g., with 



index matching adhesive), laminated (e.g., as one element), 
or otherwise applied together in the order shown in FIG. 13. 
The polarizing reflector 264, the HOE 266, and the diffuser 
268 may be held together in spaced apart relation (some 
chromatic dispersion will occur if. the HOE 266 and the 
diffuser 768 are spaced apart) or not in spaced apart relation 
(i.e., substantially with no air gaps). An example of a 
material that may be used for the polarizing reflector 264 is 
double brightness enhancement film (DBEF), also called 
multilayered optical film (MOF), commercially available 
from Minnesota Mining & Manufacturing Company, or 
other wide-angle polarizing reflector materials. The polar- 
: izing ^reflector 264 has a characteristic of preferentially 

■ reflecting light of a first linear polarization and preferentially 
transmitting light of a second linear polarization, orthogonal 
to the first polarization light. Depending on the design of the 
display apparatus 250, the HOE 266 may be similar to one 
of the HOEs 30, 130 described above, i.e., a collimating, 
converging, or diverging HOE. Likewise, depending on the 

■ design, the diffuser 268 may be any one of the diffusers 42, 
102, or 152 described above. 

[0046] The back reflector 262 includes a mirror or reflec- 
; tor 270 and an achromatic retarder 272 that, depending on 
the design, may be layered, coated, bonded (e.g., with index 
matching adhesive), adjacent or otherwise applied together 
in the order shown in FIG. 13. The back mirror or reflector 
. 270 and the achromatic retarder 272 may be held together in 
spaced apart relation or not. in spaced apart relation (i.e., 
substantially with no air gaps). Suitable achromatic retarders 
may be designed to accommodate;. a spaced apart arrange- 
ment, as will be appreciated by those skilled in the art. 

[0047] Iii operating the display apparatus 250, the image 
engine 252 receives an electronic signal through the input 
cable 256 and provides the signal to the signal splitter 254. 
The signal splitter 254 divides the signal into,_for example, 
a video signal , and an "audio signal, and provides these 
signals to the image engine 252 arid the sound system 258, 
respectively. The image engine 252 converts the video signal 
into projected image light 274. The electronic signal 
received by the cable. 256 may be . any type of signal 
containing video information, such as a television signal 
received by an antenna or over cable lines, or. a computer 
video signal received through a computer video cable. The 
audio signal and the sound system are. optional. 

[0048] The image light 274 may be polarized in the image 
engine 252 in a light source thereof (not shown) or by a 
polarizer (not shown) that naay be employed external to the 
image engine 252 to polarize the image light in the first 
polarization discussed above. In a first instance, the image 
light 274 output from the image engine 252 and polarized in 
the first polarization direction is reflected by the polarizing 
reflector 264 toward the back reflector 262. The reflected 
irnage light 274 passes through the achromatic retarder 272 
a first time, is reflected by the back mirror or reflector 270, 
and passes through the achromatic retarder. 272 a second 

-time directed again toward the screen, apparatus 260. The 
achromatic retarder 272 is designed . to have an optical 
thickness (substantially, one-quarter wave), such that the 
double pass of trie image light 274 in the first polarization 

, will 'undergo an effective half- wave /polarization shift or 
rotation of substantially 90 degrees. Thus, the image light 
274 now directed toward the screen apparatus will substan- 
tially be' in the second polarization and will' substantially 
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pass through ihc polarizing reflector 264 to the HOE 266. 
The HOE 266 collimates, converges, or diverges this light, 
according to the design, which is subsequently scattered by 
the difTuser 268 as image light 276. The viewer 27 can then 
observe an image produced by the image light 276 at the 
difTuser 268 of the screen apparatus 260, in similarity to the 
descriptions given above. 

[0049] A method of making the screen,. apparatus (e.g., 
. 100, 150 shown in FIGS. 7 and 11) may be set forth in 
accordance with a sixth embodiment of the invention. The 
hologram or HOE (e.g., HOEs 30, 130) -for 'the screen 
apparatus may . be formed by the process described' .above 
(for forming collimaling, converging, or diverging :HOEs), 
including- recording in an appropriate optical setup msing ' 
reference and object beams. The object beam, may be 
produced by a collimating lens, such as the lens 60 in. FIG." . 
6, or, in other embodiments, it may be recorded with:the lens ..' . 
60 or other suitable optics adjusted to produce a converging " 
or diverging object beam to the . photosensitive . material. 
Once recorded, the HOE (e.g., 30, 130) is developed and 
may be baked, as previously described. . . "■ ' : ' 

[0050] The method also includes forming a diffuser (e.g., 
102, 152) by mixing two or more immiscible or particulate 
materials (e.g., polymers) having different indices of refrac- 
tion with one of the materials having physical properties 
sufficient for forming light scaiterers within a matrix of the " 
other materials. The diffuse r may otherwise be ; provided as 
a commercially available diffuse r, as discussed above. The 
HOE (e.g., 30, 130) is then suitably mounted to be generally 
parallel to the diffuser (e.g., 102,; 152) for ''receiving the 
incoming light (e.g., 32, 132 shown in FIGS. 7 and 11). The 
mounting process may include lamination as a single ele- 
ment (e.g., with an index matching adhesive or material 
between the HOE and the diffuser), layering' or coating, 
adjacent placement, or otherwise suitably applying the, HOE 
and the diffuser together The method contemplates the 
placement of the HOE (30, 130) and the . corresponding 
diffuser (102, 152) in spaced apart relation with the air gap 
(not shown) therebetween or not. ' 

[0051] In all the embodiments of the invention, as previ- 
ously described, diffusive viewing screens or beaded screens 
are included in the screen apparatus. Both lypes'of screens 
arc gcncrically referred to herein as diffuscrsJ The beaded' 
screens capture stray imaging light elements; have a* limited 
acceptance angle, and the stray light is. absorbed; in a black : 
matrix. The diffusive screen, on. the other hand, scatters the 
stray light : so that.il may be. somewhat ; hpmogeneous or '' 
uniform in intensity across the viewing screen.. The type of 
diffusive screens include bulk diffusive, screens. .In other 
embodiments - of the invention, surface, , diffusers, for 
example, ground glass and the like,- could also -be* used 
instead of diffusive, screens or beaded screens! 

[0052] * The screen apparatus embodiments of the inven- 
tion should be designed so that the particular order, for 
example, the first order of the diffracted light would be the 
collimaled light used for imaging. This would include 
approximately 95-96% (could be up to or greater than 99%, 
or much less) of the light diffracted, by' the holographic 
optical clement into the first order, depending on the type of 
hologram and/or the cost of making the hologram. The other 
approximately 4-5% of the light is diffracjtecTjnto, other 
orders, including the zero. order, although" if the HOE 30 is 



a volume hologram, there is (or substantially is) no other 
relevant order besides the zero order. It is contemplated thai 
the HOE 30, 130 may instead be a reflection-type HOE 
rather than a transmissive-typc 1 1OE, which could be used to 
provide collimaled light in reflection. In. applications^ thai 
require little or no chromatic dispersion; a reflection-type 
HOE may be desirable because, in certain embodiments, the 
reflection-type HOE may exhibit substantially little or no 
chromatic dispersion. The recording and formation of such 
a reflection-type HOE will be understood and appreciated by 
those skilled in the art. Once a master reflection-type HOE 
is made, it may be replicated using standard processes, such 
as embossing for surface kineform or surface relief HOEs, 

,. as can- be provided, by .Polaroid or by. using equipment 

/,. purchased from DuPont. The screen apparatus embodiments 
sfrould;also be designed to prevent a hot spot from. occur ring 
on Jhe ; screen, ; as discussed above. This could potentially 
lead, to contrast problems otherwise, for example, screen 
corners darker than in the screen center, or having a peak of 

, the imaging light intensity occur off-access as viewed on the 
screen apparatus. Appropriate design of the HOE 30, 130 
and; the corresponding diffuser 42, 102, 152.in combination 
;should 'assure more uniform illumination and avoid a hoi 
spot,- as the image light can be turned' (e.g., cblliniated, 

. i con verged . or diverged) to avoid or substantially reduce 
oblique screen illumination. . 1 ■ . 

[0053] The particular embodiments disclosed 'above are 
illustrative only, as the invention may be modified and 
practiced in different but equivalent manners apparent to 
those skilled in the art having the benefit of the teachings 
herein! For example, the HOEs - described herein could 
instead be reflection-type HOEs, as 'discussed above, suit- 
ably designed to work in analogous fashion, with diffuse rs, 
but in reflection-based screen apparatuses or displays. More- 
over, image generation devices of the type (e.g., that include 
one or more cathode, ray . tubes or CRTs for forming an 
image) described in U.S. Pat. . No. 5,557,343, issued to 
Yamagishi, entitled "Optical System Including. A Reflecting 
Polarizer For A Rear Projection Picture Display Apparatus," 
incorporated by reference herein in its entirety, could be 
used as the image engine 14 and are intended to be included 

, within* the scope of the present invention. Other types of 

: image.generation devices known in the art could be used as 
the image engine 1,4 and arc intended to be included within 
.the scope of the present invention, as well. Furthermore, no 

. ; " limitations, are. intended to the details of construction or 
design shown herein, other ithan as described in the claims 
below. It is therefore evident that the particular embodiments 
disclosed above may be, altered or modified and all such 
variations are considered within the scope and spirit of the 

: invention: Accordingly, the protection sought herein is as set 

: for ; th, jn : the claims below. ■ 

What' is claimed is: . , 

1. An screen apparatus comprising: 

a holographic optical element adapted to receive image 
light and to redirect the image light; and ' 

a di ffuser adapted to receive' the redirected* image light 
from the holographic optical clement and to scatter the 
redirected image light. 

2. The screen apparatus of claim 1, wherein the holo- 
graphic optical element and the diffuser are adapted to 
provide a substantially uniformly illuminated viewing 
region. ■ . 
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3. The screen apparatus of claim 2, wherein the viewing 
region comprises an optimized viewing position. 

4. The screen apparatus of claim 1, wherein the holo- 
graphic optical element is adapted to substantially collimate 
the image light. 

5. The screen apparatus of claim 1, wherein the holo- 
graphic optical element is adapted to substantially converge 
the image light. 

6. The screen apparatus of claim 1, wherein the diffuser 
comprises two or more immiscible materials. 

7. The screen apparatus of claim 1, wherein the, holo- 
graphic optical element and the diffuser are adjacent with 
substantially no air gap therebetween. . ;jJ 

8. The screen apparatus of claim 1, further comprising 
index matching material between' the holographic optical 
element and the diffuser. - - * 

9. The screen-apparatus, of claim 1, wherein the holo- 
graphic optical element and . the diffuser are adapted to 
provide gain profiles of image light substantially directed 
toward a viewer. 

10. The screen apparatus of claim 1, wherein the diffuser 
focuses the redirected image light as it passes through the 

. 1 diffuse r.! - : <" • 

11. The screen apparatus of claim 1, wherein the holo- 
graphic optical clement and the diffuser comprise an air gap 
therebetween. 

12. The screen apparatus of claim 1, wherein the holo- 
graphic optical element; and the diffuser- are comprised in 
part of a computer monitor. 



13. The screen apparatus of claim 1, wherein the image 
light comprises substantially white light. 

14. The screen apparatus of claim 1, wherein the holo- 
graphic optical element and the diffuser comprise a flexible 
combination. 

15. The screen apparatus of claim 1, wherein the holo- 
graphic optical element and the diffuser comprise a lami- 
nated element. 

16. The screen apparatus of claim 1, wherein the holo- 
graphic optical element comprises a transmission-type holo- 
graphic optical element. . • 

j ; ;;;17.. The screen, apparatus of claim 1, wherein the holo- 
graphic optical element comprises a reflection-type holo- 
graphic optical element. 

18. The screen apparatus of claim 1, wherein the holo- 
graphic optical element comprises a photopolymer material. 

19. The screen apparatus of claim 1, wherein the holo- 
graphic optical element records an interference pattern for 
redirecting the image light. 

20: The screen apparatus of claim 1, wherein the holo- 
graphic optical element and the diffuser comprise a gap 
therebetween that is substantially minimized for reducing 
effects of chromatic dispersion. 

21. The screen apparatus of claim 1, wherein the holo- 
graphic optical clement and the diffuser arc adapted to 
provide the redirected image light predominantly to a par- 
ticular viewing position. * 

* * * * * 



